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Colloidal crystallization represents a convenient approach to prepare templates for three-dimensional ͑3D͒ photonic crystals ͑PhCs͒.
1 The major drawback of this method is the inflexibility of the self-assembly, which generally results in the crystallization of opals with face-centered cubic ͑fcc͒ lattices of spheres. Because the fcc lattice is not the most efficient configuration for opening the PBG, the recent trend is to build up the colloid-based architectures in more deterministic way, for example, to control the growth direction, 2 the crystal size, 3 the free volume, 4 and the crystal symmetry.
5
The Langmuir-Blodgett ͑LB͒ method realizes such control at the level of assembling two-dimensional ͑2D͒ colloidal crystals and depositing them in a one-dimensional ͑1D͒ stack. 6 Advantages, such as control over the formation of individual 2D lattices and the precision in counting the number of 2D layers, are counterbalanced in LB packages by the lack of forces, which can provide lateral alignment of 2D crystals in the 1D stack. Thus far, optical spectra of LB colloidal multilayers were studied from the point of view of similarity to opals. [6] [7] [8] The reported optical studies of LB multilayers dealt with wavelengths, which are larger than the sphere diameter by a factor of 2. Moreover, no spectroscopic evidence has been demonstrated to prove the formation of a 3D lattice in LB multilayers. 9 On the other hand, optical spectra of 2D hexagonal sphere crystals were studied only at wavelengths shorter than the sphere diameter, 10, 11 i.e., in the range of their 2D PBG.
In this letter we report a study of optical transmission of colloidal mono-and multilayers prepared by the LB technique across a wide spectral range and demonstrate the coexistence of transmission minima from the 2D sphere grating and the 1D stack of sphere layers. This observation allows us to consider LB multilayers as ͑2+1͒-dimensional ͓͑2+1͒D͔ PhCs and pin down their unique optical properties.
Silica spheres of 519 nm in diameter from Microparticles GmbH were hydrophobized using 3-͑trimethoxysilyl͒propyl methacrylate and then they were deposited on a glass substrate using a LB technique from doubly distilled de-ionized water subphase. 12 A low barrier speed of 6 cm 2 / min and pressure of 4 mN/ m were used for the monolayer compression. LB monolayers of spheres crystallize in a hexagonal lattice. 7 Subsequent layers were deposited after drying the deposited ones. Monolayer ͑1L͒ and up to ten-layer ͑10L͒ films were prepared.
Angle-resolved transmission spectra were acquired at different angles of incidence from 0 to 80°with respect to the film normal. The collimated light beam of 1 mm in diameter from a tungsten halogen lamp was delivered through a prism polarizer to study the polarization anisotropy. The transmitted light was collected from a solid angle of 2°. A quarter-wavelength plate was used to transform the linearly polarized transmitted signal into circularly polarized light. Figure 1͑a͒ shows transmission spectra of 1L and 10L films in s-polarized light at = 0 and 70°. Along the normal to the film these spectra demonstrate similar structure showing the minima centered at 545 and 1096 nm and accompanied by Fabry-Pérot oscillations. At 70°the similarity between the spectra is lost because the 1L film shows a maximum at 542 nm and Fabry-Pérot minimum at 750 nm, whereas the 10L film shows the spectrum with minima at 718 and 919 nm and several Fabry-Pérot oscillations.
With increasing number of layers N, the central wavelength of the 545 nm minimum remains at the same position ͓Fig. 1͑b͔͒ and the relative attenuation at the minimum, ⌬I / I 0 , which is the ratio of the attenuation ⌬I to the extrapolated undisturbed transmission I 0 , increases ͓Fig. 1͑b͒, inset͔. Being normalized to the number of layers, the specific attenuation reduces nearly linearly with the number of layers.
The transmission of 1L and 10L samples at wavelengths comparable to the sphere diameters is similar ͑Fig. 2͒. The difference in this range is the threefold lower transmission background for the latter, which can be attributed to the result of stronger diffuse light scattering in multilayers.
Considering in the wide spectral and angular range, the transmission of 1L and 10L LB films in the s-polarized light as a function of the angle and the wavelength differs significantly ͑Fig. 3͒. The main feature of the latter is the intense diffraction minimum observed over the whole range of explored angles that arises due to the presence of a wellordered multilayer structure. According to the best fit of the dispersion of this diffraction minimum ͓Fig. 4͑a͔͒ to the Bragg law 2 =2d ͱ n eff 2 − sin 2 , where n eff is the effective refractive index ͑RI͒ of the film and d is the distance between planes, d = 440 nm and n eff = 1.238 apply. Setting the sphere a͒ diameter to D = 492 nm obtained from the Bragg fit of the transmission minimum dispersion of the fcc opal assembled from the same spheres, the interlayer distance is found to be d = 0.89D. The factor 0.89 points to a looser packing of layers in the LB film compared to distance between ͑111͒ planes in the fcc lattice. This conclusion is supported by the lower n eff compared to that of opal of similar RI contrast.
The weak minimum observed at Ͼ 60°in the wavelength range of 880-935 nm for both polarizations can be also interpreted as the result of diffraction. The Bragg fit specifies a set of planes separated by 387 nm and oriented at 66°with respect to LB layers. This result is not far from the diffraction at ͑111͒ planes of the fcc lattice, which is described by the 401 nm distance and the 70.52°angle. This diffraction branch, which is repeatedly observed in LB multilayers is an argument in favor of weak 3D correlation existing between layers of spheres. Extrapolation of this fit to lower angles indicates that none of the short wavelength transmission minima can be associated with 3D ordering ͓Fig. 4͑a͔͒. The 1096 nm minimum in transmission of the 1L film is the Fabry-Pérot resonance expected for a monolayer of spheres, 13 to which the same functional dependence upon the angle as for the Bragg resonance applies ͓Fig. 4͑b͔͒. Two fits were explored. The first one assumes the fixed sphere diameter D = 492 nm. In spite of the realistic n eff = 1.18, it does not approximate the dispersion. The second fit, which leaves d and n eff as free parameters, reproduces more closely this dispersion branch with d = 417 nm and n eff = 1.33. Thus, the optical behavior of the 1L film corresponds to that of the thinner than the sphere diameter slab.
The short-wavelength transmission minima of 1L and 10L films split into several branches with increasing incidence angle ͑Figs. 2 and 4͒. The dispersion of the longer wavelength branch in the p polarization ͑Fig. 4͒ satisfies the standard expression for a planar diffraction grating = d͓sin + sin͑2␣ − ͔͒, with parameters d = 521͑529͒ nm and ␣ =88°͑86°͒, for 1L ͑10L͒ films. This resembles a grating with, approximately, 45°blazing angle and the period of the sphere diameter.
The transmission across the LB monolayer in the range below 700 nm can be interpreted in two ways. One approach is based on consideration of 2D PhC, the PBG of which is calculated by coupling of whispering gallery mode resonances of individual spheres in the 2D crystal. 10 The lowest wavelength resonance in this model appears at D / Ϸ 0.9, which corresponds to the 545 nm minimum in our case ͑Fig. 1͒. The dispersion of the transmission minima follows the calculated PBG structure of 2D PhC in the range of 720-400 nm ͑Fig. 4͒. Another approach, based on the rigorous coupled-wave analysis 14 or vector-coupled-mode theory, 15 explains these transmission minima as resonant scattering due to coupling of the incident light and guided modes supported by the 2D PhC.
Both approaches describe the splitting of resonances for oblique light incidence, the lower coupling efficiency at high angles, and their polarization anisotropy. The spectral position and resolution of scattering resonances depend on the RI of substrate. 14, 16 In our case the RI of the substrate exceeds the effective RI of the sphere monolayer. In order to use the waveguiding model, we have to assume that a monolayer of spheres is optically isolated from the substrate. It is noteworthy that the contact area between spheres and substrate is very small and the RI of the monolayer approaches its maximum at the distance of the sphere radius from the substrate. This view is supported by the parameters of the dielectric slab, which approximates the 1L film according to the second fit to the Fabry-Pérot resonance dispersion. The large width of the resonance minima observed in transmission compared to theoretical calculations points to the leaky character of the guided modes in the film.
The spectral location of the transmission minimum at normal light incidence corresponds to the scattering of the incident wave by either TE or TM waveguide modes. This gives an explanation to the resonances at 542 and 445-465 nm ͓Fig. 1͑b͔͒. In our spectra the latter resonance is much weaker and more sensitive to the destructive influence of disorder. At the oblique incidence the degeneracy condition of the resonance is lifted, leading to splitting of guided resonances 14 thereby explaining resonance dispersion and polarization anisotropy.
Summarizing, a comparative investigation of the transmission of LB multilayers has revealed the absence of the 3D coordination between monolayers. The observed transmission minima are interpreted as the Bragg diffraction of a 1D PhC consisting of monolayers of spheres and scattering by eigenmodes of 2D PhCs. The coexistence of resonances associated with PhCs of different dimensionalities makes optical properties of LB multilayers qualitatively different from that of 3D colloidal crystals ͑opals͒ and allows classifying them as ͑2+1͒D colloidal PhCs. Therefore, LB multilayers cannot be considered as 3D crystals with stacking faults, as with LB stacks the interplanar distance is increased and the bilayer correlation is lost. Several effects, such as the polarization anisotropy, the absence of the second harmonic of the Bragg resonance, and the transmission maximum observed in the 1L film at high incidence angles, remain to be explained by rigorous modeling.
